Sloshing, a violent behaviour of liquid contents in tanks submitted to the forced vessels' motion on the sea represents one of the major considerations in LNG vessels design over several past decades. State of the art of sloshing analysis relies on small-scale sloshing model tests supported by extensive developments of CFD computation techniques, commonly studying one isolated tank submitted to the forced motion without their mutual interaction.
INTRODUCTION
The influence of dynamic coupling and interactions between ship motions and liquid motion of LNG cargo tank contents on the pressure levels on tank boundaries is investigated in this work, using experimental techniques.
So called "coupled motions" are obtained by numerical calculations using Bureau Veritas advanced potential theory code HydroStar ® in frequency domain, as shown in [4] . The theoretical background of the linear coupling is summarized in first part of this paper. Then, the coupled motions obtained by our numerical means are validated trough the comparisons with model basin test results [9] .
Confidence in our validated model for numerical coupling permits further investigation of more realistic case corresponding to the expected partial filling operation of LNG Carrier in a site specific environmental conditions. For this configuration, sloshing effects induced by coupled and noncoupled vessel motion, introduced as the excitation to 6 d.o.f. small-scale model test rig, are presented in a comparative manner. Statistics of sloshing events recorded for coupled/non-coupled motions and for harmonic/random excitations are presented in this paper and compared. This work presents the initial stage in investigation of the consequence induced by coupled motion. In the further extent, it should lead to the deduction of acceptance criteria and recommendation for practical operation.
THEORY: LINEAR COUPLING
The methodology for dynamic coupling between liquid motions in ship's tanks (sloshing) and rigid body motions of the ship (seakeeping) in frequency domain is considered. The problem is formulated under the classical assumptions of linear potential theory and Boundary Integral Equations method is used to solve both sloshing and seakeeping hydrodynamic part.
Basic Methodology
We consider the sloshing and seakeeping parts separately and after coordinates transformation for the sloshing problem, the motion equation of the coupled system is written.
Seakeeping
In the classical linear rigid body seakeeping analysis we end up with the motion equation in the form: where subscript " Q " indicates that quantity is written with respect to the global reference point Q.
Sloshing
The linear case is considered here. Similar to the seakeeping part, an interior boundary value problem is formulated for the potentials associated with six degrees of freedom of the tank. The final result gives the added mass matrix associated with each tank motion (in the local frame of the tank). Note, that since the linear theory is assumed, no damping can be generated by the liquid motions in the tank (an artificial damping will be introduced). The general situation in the local coordinate system of the tank is described by the following equation:
Since the seakeeping and sloshing problems are not defined in the same coordinate system (the tank's one is different from the ship's one but assumed parallel) the coupling is not straightforward. Indeed, we need to transform the action (forces and moments) of the liquid motions from the local (tank) coordinate system to the global (ship) coordinate system. Using the relation between forces and forces in each coordinate system, the sloshing has the following motion equation form in the ship's frame:
Coupling
We can now write the motion equation of the coupled system:
In the following, we detail the calculations of these different coefficients.
Hydrodynamic Model
The pressure is calculated from linear Bernoulli equation:
where we recognize the so-called hydrostatic part associated with the pressure -ρgz and the pure dynamic part associated with the potential ϕ.
Seakeeping
First, let us consider the hydrostatics part. The liquid in tanks is considered as a rigid part of the body, which means that the draught of the ship is the real one and static position of the center of gravity takes into account "rigid" mass of the liquid in tanks. The evaluation of the restoring matrix is the classical one [6] .
Second, the calculation of purely hydrodynamic part of the forces is simple, provided the potential is efficiently calculated. Let us recall the basic principles. The body moves under the action of an incident wave field. In the context of linear theory, we consider a generic case of an monochromatic sinusoidal wave whose potential is:
Where g is gravity, A the amplitude of the wave, w its frequency and β is the incident wave angle (β=180° for head waves). The fluid flow induced by the incident wave will be modified by the presence of the body, so that the total flow potential will be the sum of the incident potential and the perturbation potential:
Under the assumptions of linearity, it can be shown that the perturbation potential should satisfy the following boundary value problem (BVP):
where ν is the infinite depth wave number ν=w 2 /g and R the radial distance.
In order to write the motion equation of the body in the convenient form, we make use of linearity and we further subdivide the perturbation potential into 7 elementary potentials. The boundary value problem for each of these potentials will have the above form (7) and only the boundary condition on the body will be different. Adopting the compact notations, the boundary condition on the body for each potential can be written in the form: Where we recall that n j is the generalized normal vector [6] . The potential ϕ D is the diffraction potential and the six potentials ϕ Rj are the radiation potentials.
The forces are obtained by integration of the pressure over the mean wetted surface of the body and can be written in a compact form as: 
This completes the evaluation of the motion equation of the coupled system (4).
Sloshing
At the first, the procedure used for hydrostatics of the seakeeping problem is repeated here for sloshing problem. Furthermore, for the liquid in the tank, the positions of the center of gravity and the center of "buoyancy" are the same and the buoyancy is equal to the liquid mass so that the final hydrostatic matrix has the following expression: I stands for the corresponding area moment. Note that the restoring matrix is negative, so that the global restoring of the coupled system is reduced, as expected.
At the second for the hydrodynamics component, due to the fact that linear theory is assumed, the situation is quite similar to the seakeeping part. The main difference concerns the absence of the diffraction potential and the slight changes of the free surface condition for the perturbated potential because the free surface in the tank is also moving due to the overall motions of the ship. The Combination of kinematic and the time derivative dynamic free surface conditions leads to the following free surface condition in the tank: As far as the forces are concerned, and since there is no damping in the closed problems within the potential theory (ϕ Rj is real valued in this case), the total hydrodynamic force is written in the form:
Where:
This basically completes the motion equation (3) and problem can be formally solved.
Solution of hydrodynamic BVP's
All the previous boundary value problems for hydrodynamic potentials (seakeeping, sloshing) can be solved by the well known Boundary Integral Equation based on the so-called source formulation.
Damping of sloshing motion
As indicated before, the damping of sloshing motion should be taken into account in order to avoid the violent resonant motions in the tank which can appear due to the inconsistency of the linear potential sloshing model that we use. Note that our attention is not to model properly the sloshing phenomena in the tank but just to take the most important part of sloshing dynamics which influences the global ship behaviour. We are aware that the damping can be treated only approximately by the potential theory, and we propose here one simple method which can easily be put in practice and subsequently calibrated using the experimental results. The basic idea is to modify the body boundary condition on the tank boundaries:
This condition imply that the main part of dissipation happens only in the boundary layer. This is probably not true but the final result in terms of ship motion may be sufficiently accurate especially after calibration of the parameter ε. In fact, regardless where the energy is dissipated, the final effect on ship motion will be the same, provided the added mass is accurately calculated. Anyway, the consequence of the above trick (19) is that the resulting potential becomes complex with the imaginary part giving the damping matrix: 
The last problem concerns the evaluation of the parameter ε. We propose to calibrate it through comparisons with experimental results in the next section.
Numerical Results and Calibration of ε
As we have just said, the calibration of the above described parameter ε is performed through comparisons with experimental results [9] . The numerical calculations are performed with HydroStar, the 3-D diffraction-radiation program developed in Bureau Veritas. In the selected configuration, two separated prismatic LNG cargo tanks were modeled, located at the fore and aft parts of the vessel. Among the different configurations tested, the following one is of particular interest for our case. The filling ratio is 30% of the height for the both tanks. The mesh used for our hydrodynamic computations is shown below:
Fig. 1 : Hydrodynamic mesh with two tanks filled at 30%H
RAO's in surge (β=135°) and roll (β=90°) are presented for two values of the parameter ε (ε=0.02 and ε=0.1).
Fig. 2 : Surge RAO for β=135°

Fig. 3 : Roll RAO for β=90°
We can observe that the introduction of the parameter ε (ε=0.02) gives much better results for the peak in surge with the heading β=135°. On the other hand with the value ε=0.1, the damping is too important. For roll motion, we can observe the two characteristic peaks of a coupled system (ship + tanks). The first peak is associated with the motions of the ship and the second one with the liquid motions in the tanks. The value ε=0.02 gives also better results.
HYDRODYNAMIC RESULTS
Environmental Conditions
Environmental conditions applied in this study corresponds to realistic site specific all-directions wave scatter diagram, with 5 m of maximum recorded significant wave height. Wave energy spectrum is generated according to JONSWAP model (derived for seas with limited fetch), with spectral peak parameter assumed 3.0.
Hydrodynamic Model
A LNG carrier with four tanks is here considered. The filling ratios are 90% of the height for the tanks (1) and (3) and 30% of the height for the tanks (2) and (4). The mesh used for the hydrodynamic computations is presented below: 
Non Coupled -Coupled Transfer Function
In this section, results of hydrodynamic computation are displayed in form of Response Amplitude Operators (RAOs) as a vessels' response on the wave of unit amplitude. Moreover, we present the comparison of the six degrees of freedom RAOs between non coupled and coupled motions. The motions affected by the coupling are the surge, sway, roll and yaw motions. Particularly, the roll motion is strongly affected with the presence of the two peaks described above instead of one peak in the case of the non coupled motion.
Then, spectral analysis has been performed for each combination of associated conditions (Hs, Tp, and heading) using JONSWAP spectrum for site-specific environmental conditions. The amplitudes of 1/10 th significant level and response zero-crossing periods for non coupled and coupled motions are detailed. These figures highlight for each degree of freedom the operational case (Tp, heading) corresponding to the worst motions. 
EXPERIMENTAL RESULTS
Presentation of Results
In this section are detailed our experimental results concerning the pressure results for the tank No. (2) described above. The duration of the tests is 5-hours at full scale.
At the first, we consider harmonic excitations obtained after spectral analysis for the case of zero forward speed. The pressure levels caused by non coupled and coupled motions are shown just below and can be compared.
For instance, the first graph of the Fig. 29 shows the maximum pressure recorded among our pressure sensors. The second graph represents the highest average recorded among all the sensors of the ten highest pressure peaks. The third graph shows the maximum number of impacts recorded among all the pressure sensors. The fourth graph shows the statistical pressure associated at 3 hour-return period (named P stat in the whole paper), calculated by the probability law which fits the best among Weibull-3 parameters, Log-Normal 3 parameters. The Fig. 30 for the case of coupled motions has to be read exactly in the same manner. For each result, the unique scale is used, selected as the one giving the highest values between (non coupled, coupled) / (harmonic, random) excitations.
The Fig. 31 and Fig. 34 represent the two sensor configuration used during our experiments. The Fig. 31 represents the sensors location for β=270°. The Fig. 34 represents the sensors location for the other headings considered here.
On Fig. 32, 33 and Fig. 35, 36 , the diagrams present (for both P max and the number of impacts criteria) the maximum global case in terms of heading. Thus, the global severity of a test can be easily assessed. It shows also how the cumulative value is distributed between the 16 measured points.
Furthermore, the consequences on the pressure levels caused by random excitations generated from the RAOs of non coupled and coupled motions are considered.
The Fig. 37 (respectively Fig. 38 ) for non coupled (respectively coupled) random excitations has to be read in the manner as the Fig. 29 and Fig. 30 . As we have mentioned before, for each kind of result the scale used is the one giving the highest results between (non coupled, coupled) / (harmonic, random) excitations.
The 
Overall Analysis: 5-hour Full-Scale Duration
Even if all headings have not been represented on the above graphs, the most prevailing cases are displayed. Indeed, the pressure levels for the headings (β=180°, 195°, 210°) are low compared to those detailed hereunder.
For the harmonic excitation, non-coupled motions represent the critical case for all kind of results considered (P max , 10 P max , number of impacts, P stat ).
Even if the most critical case is difficult to identify since it differs from the parameter studied (P max , 10 P max , number of impacts or P stat ), the 4 following cases appear to be the most relevant:
• (Tp, β)=(10.5 s, 285°)
• (Tp, β)=(9.5 s and 10.5s, 270°)
• (Tp, β)=(10.5 s, 255°)
Pressure levels for coupled motions are low compared with those obtained with non-coupled motions. The cumulative diagrams confirm also this trend, particularly related to the number of impacts.
Concerning random excitations, the same tendency between non-coupled and coupled motions is observed. Indeed, noncoupled motions appear to be more critical in terms of pressure levels, except for the number of impacts (see the Fig.  43 & 44) .
Intentionally, the same scale is used for all graphics displaying each analyzed criteria (P max , 10 P max , number of impacts) for both harmonic and random excitations, so we can also observe that the harmonic excitations are more severe for the pressure levels than the random ones.
Finally, for 5-hour full-scale duration analysis among all the hydrodynamic configurations (non-coupled/coupled; harmonic/random) considered, the most critical one appears to be the non-coupled motion with harmonic excitation.
Critical Cases: 30-hour Full-Scale Duration
Following these results, a focused analysis from five-hour to sixty-hour full scale has been carried out on four the most severe cases listed here above.
Our main concern was to assess statistical pressures P stat using additional statistical distributions: Pareto and Generalized Extreme Value, selected threshold level, 95% confidence intervals, and the test duration required to collect sufficient size of the data sample allowing the convergence of statistical results.
In that regard, our observation is that 30-hours experiment is giving satisfactory steadiness of P stat (for 3-hours return period) and confidence intervals. This test duration has been selected for all comparisons of critical cases using 4 statistical laws. This detailed analysis of 30-hours full scale leads to the same conclusions as 5-hour full scale cases elaborated here above.
CONCLUSION
The influence of dynamic coupling due to the interactions between ship motions and tank liquid motion on the pressure levels on tank boundaries is here investigated by experimental means, using 6 d.o.f. test rig and 1/70 scaled tank model of standard LNG Carrier.
Vessel response, given as "traditional" non-coupled and "realistic" coupled motions are obtained by numerical calculations performed with Bureau Veritas hydrodynamic software HydroStar ® in frequency domain, as shown in [4] . The theoretical background of linear coupling is summarized in the first part of this paper. Then, the numerical results of coupled vessel response are validated trough the comparisons with basin model-test results using the vessels model with incorporated tanks filled with water [9] .
Concerning the coupled motions, confidence in our validated numerical results allows further investigation of more realistic case corresponding to the standard LNG Carrier operating with four partly filled tanks in a site specific environmental conditions. For this configuration, sloshing effects induced by coupled and non-coupled vessel motion, introduced as the excitation to 6 d.o.f. small-scale model test rig, are presented in a comparative manner. The pressure levels for coupled/non coupled motions and for harmonic/random excitations are given in the form of elementary statistics (P max , 10 P max , number of impacts) and statistically predicted values obtained by fitting to the Weibill and/or Log-Normal laws that are used in common practice. Applicability of additional statistical laws such as Pareto and Generalized Extreme Value, generally adopted for the events of extreme character, is also investigated herein and results compared to the conventional statistics.
Among all considered hydrodynamic configurations (non coupled/coupled; harmonic/random), the most critical one appears to be non-coupled motion with harmonic excitation. This first conclusion of the study is very interesting since nowadays, due to the restricted computer resources, the major part of numerical calculations using CFD tools are performed with harmonic excitations. In addition, the state of the art of hydrodynamic computation is based on classical assumptions of rigid body motion without dynamic effects of free surfaces in tanks. Comparing sloshing effects induced by "traditional" sloshing excitation and the "realistic" one which is the random motion accounting for dynamic coupling with liquid motion in the tanks, it appears that currently used numerical model seems to be conservative, at least for the cases studied herein.
Further numerical sloshing analysis are envisaged to be carried in order to verify and confirm the observations from experimental study presented in this paper. In addition, due attention should be given to the statistical adjustment, particularly related to the proper selection of applicable statistical distribution and relevant acceptance criteria. Finally, it is to be underlined that conclusions drawn-out from this study should remain restricted only to the assumed operational case and any extrapolation to other configuration (as other filling or other tank capacity, for instance) may mislead to the erroneous recommendation.
